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The gas-phase basicities of a group of multidentate polyamines have been determined by the
bracketing method and range from 966 to 1021 kJ/mol. The compounds studied vary in the
number and kind of basic sites, the number and orientation of carbon atoms, and the degree
of flexibility. These important structural features were analyzed to understand the observed
trends in basicity and semiempirical calculations were undertaken that support the experi-
mental trends. The polyamines may find use as reference compounds for future gas-phase
basicity measurements of larger, biologically active molecules such as peptides and proteins.
(J Am Soc Mass Spectrom 1998, 9, 1043–1048) © 1998 American Society for Mass Spectrometry
Knowledge about the basicities of sites in gas-phase molecules is useful for predicting sites ofprotonation, relative reactivities, and likely
structural conformations. Because gas-phase basicity is
one of the few thermodynamic parameters that can be
experimentally quantified for large multicharged mol-
ecules, there has been a resurgence of interest in mea-
suring basicities [1–4]. One popular method for the
measurement of basicities is the bracketing method [5],
in which the unknown basicities of analytes are deter-
mined based on comparison of the favorability of
proton transfer reactions with a series of reference
compounds possessing known basicities. The bracket-
ing method is a relatively straightforward way to esti-
mate basicities of even huge molecules such as proteins
because well-defined, stable concentrations of the ana-
lytes of interest are not essential as needed in equilib-
rium-based methods [6, 7], and some of the shortcom-
ings of the kinetic method are avoided [8, 9]. However,
the bracketing method does rely on the availability of
well-characterized reference compounds for which gas-
phase basicities or proton affinities have been reported.
Thus, the evaluation of new reference compounds with
high basicities is the first step toward extending the
measurement of basicities of proteins and other
biopolymers.
The present study focuses on the characterization of
gas-phase basicities of a series of potentially useful
reference compounds, the polyamines (Figure 1). These
compounds are multidentate ligands with several pos-
sible sites of protonation and the possibility for in-
tramolecular hydrogen bonding. In addition, the com-
pounds vary in the number and arrangement of carbon
atoms, the flexibility in terms of the cyclic or acyclic
nature, and both the number and nature of basic sites.
These structural features play important roles in influ-
encing the gas-phase basicities of the compounds. In
addition, because the compounds have moderate mo-
lecular weights and reasonable volatilities, they are easy
to use and may serve as reference compounds for
bracketing experiments of biological molecules and
may prove to be ideally suited for modeling protona-
tion reactions of proteins or other biopolymers.
Experimental
The experiments were performed in a Finnigan quad-
rupole ion trap mass spectrometer [10]. Each compound
was initially introduced into the trap individually in
order to obtain its electron ionization (EI) spectrum.
Solid compounds and high boiling liquids were admit-
ted into the trap through a temperature-controlled
solids probe operated at 30–250 °C, whereas low boil-
ing liquids were introduced by a leak valve to a
nominal pressure of 1024 Pa (1 torr 5 133.3 Pa). This
nominal pressure was not used to estimate the partial
pressure in the trap; it was only used as an experimental
guide. The complexes were mass analyzed by operating
the ion trap in the mass-selective instability mode.
Helium was used as the buffer gas and maintained at a
pressure of nominally 0.1 Pa, after correction for the
gauge sensitivity and location of the gauge relative to
the trap.
For the bracketing experiments, one analyte and one
reference compound were admitted simultaneously
into the ion trap at approximately the same partial
pressures. The analytes were assumed to be at the same
partial pressures when mass spectral intensities were
similar, typically based on the relative intensities of the
protonated molecules under identical reaction condi-
tions. A protonating reagent gas, dimethyl ether (DME),
was introduced into the trap and protonated dimethyl
ether ions were allowed to react with the analytes for
200 ms. The protonated analyte was isolated and al-
lowed to react with the neutral reference for 300 ms. The
extent of proton exchange was monitored. The ligand
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exchange was then performed in the reverse direction
by isolating the reference (M1H)1 ion and letting it
react with the neutral analyte for the same amount of
time. If proton exchange was observed in both direc-
tions, it was estimated the gas-phase basicities of the
two compounds were within 8 kJ/mol of each other. If
proton exchange only occurred in one direction, the
compound that retained the proton was determined
more basic by at least 8 kJ/mol. The exact temperatures
of the ions in the ion trap are not known because of the
dynamic nature of the trap, however the temperature
applied to the vacuum chamber was around 115 °C and
all experiments were performed under the same condi-
tions.
Suitable reference compounds with known gas-
phase basicities were identified from the NIST database
and are listed in Table 1 [11]. The references range in
basicity from 953.1 to 1030.1 kJ/mol. All compounds
were purchased from Aldrich Chemical Co. (Milwau-
kee, WI) and used without further purification.
Molecular modeling experiments were undertaken
using the commercially available software package Hy-
perChem (Hypercube, Ontario, Canada). Semiempirical
heats of formation and bond distances were calculated
using the AM1 Hamiltonian via a geometry optimiza-
tion scheme.
Results and Discussion
The gas-phase basicities of the multidentate ligands
were determined by the bracketing method. An exam-
ple is illustrated in Figure 2 for the proton exchange
between N,N9-bis(3-aminopropyl)-1,3-propanediamine
and the reference compound N,N,N9,N9-tetramethyl-
Figure 1. Structures of compounds studied.
Table 1. References used and their gas-phase basicities [11]
Reference Gas-phase basicity (kJ/mol) Proton affinity (kJ/mol)
(1) 1,3,4,6,7,8-Hexahydro-1-methyl-2H-pyrimido[1,2a]pyrimidine 1030.1 1062.3
(2) 1,3,4,6,7,8-Hexahydro-2H-pyrimido[1,2a]pyrimidine 1022.6 1054.8
(3) 1,8-Diazabicyclo[5.4.0]undec-7-ene 1015.0 1047.7
(4) 1,5-Diazabicyclo[4.3.0]non-5-ene 1005.4 1038.0
(5) Proton sponge (N,N,N9,N9-tetramethyl-1,8-naphthalenediamine) 995.8 1028.4
(6) N,N,N9,N9-Tetramethyl-1,4-butanediamine 992.9 1046.4
(7) N,N,N9,N9-Tetramethyl-1,3-propanediamine 986.2 1036.0
(8) N,N,N9,N9-Tetramethylethylenediamine 971.1 1013.8
(9) Tripropylamine 961.1 992.0
(10) 1,4-Diaminobutane 953.1 1004.6
Figure 2. Example of spectra obtained from the bracketing
method.
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1,4-butanediamine. As shown, the gas-phase basicity of
N,N9-bis(3-aminopropyl)-1,3-propanediamine is greater
than that of the reference compound, N,N,N9N,9-tetra-
methyl-1,4-butanediamine. The experimental results
are summarized in Table 2. The “more basic than” and
“less basic than” columns indicate the reference com-
pounds for which the proton exchange reaction pro-
gressed in one direction only, either favoring the ana-
lyte or reference compound, respectively. The
“exchanged with” column indicates those reference
compounds that engaged in both forward and reverse
direction proton transfers with a given analyte.
Although the gas-phase basicities generally reflect
the size and number of basic sites of the ligands, a few
deviations are noteworthy. The largest compound and
the only one containing six basic sites, pentaethylene-
hexamine, was shown to be the most basic of the ten
compounds studied. However, its basicity was nearly
the same as 1,4,8,12-tetraazacyclopentadecane—a
smaller cyclic molecule with only four basic sites.
Tetraethylenepentamine, containing five basic sites,
was approximately as basic as N,N9-bis(3-aminopro-
pyl)-1,3-propanediamine which again has only four
basic sites. The roots of these deviations become clear
upon further examination of the structures of the com-
pounds involved. Recall that gas-phase basicity is the
negative free energy change for a protonation reaction,
and that entropic effects (which are temperature depen-
dent) will influence the values obtained.
Several factors appear to play a part in the overall
gas-phase basicity of a given compound. First, the
number of nitrogens in each ligand is obviously signif-
icant. For example, of the four acyclic compounds with
three, four, five, or six nitrogens separated by ethylene
groups (i.e., diethylenetriamine, triethylenetetramine,
tetraethylenepentamine, and pentaethylenehexamine),
the compound with the greatest number of nitrogen
atoms is the most basic. Pentaethylenehexamine is
actually the most basic of all the compounds studied.
Because the nitrogen atoms are the only basic sites in
these compounds, it follows that the more nitrogens a
compound has, the more strongly it could attract and
bind a proton with numerous secondary hydrogen-
bonding interactions.
Another influential factor is the number of carbon
atoms in each ligand. For the subset of acyclic com-
pounds containing four nitrogen atoms and six, seven,
eight, or nine carbon atoms (i.e., triethylenetetramine,
N,N9-bis(2-aminoethyl)-1,3-propanediamine, N,N9-
bis(3-aminopropyl)-1,3-ethylenediamine, and N,N9-
bis(3-aminopropyl)-1,3-propanediamine), the com-
pound with the most carbon atoms is the most basic.
The trend is the same for the two cyclic compounds,
cyclen and 1,4,8,12-tetraazacyclopentadecane. This
trend can be rationalized in two ways. Since carbon is
polarizable it is able to share its electron density with
the positively charged nitrogen and thus stabilize the
conjugate acid after the protonation reaction. This factor
is especially important in the gas phase with the lack of
any intermolecular solvent interactions or hydrogen
bonding. Also the extra carbons allow greater flexibility
in the backbone of the molecule. Greater flexibility
enhances the ability of the nitrogens to orient their
dipoles toward the proton and also allows optimization
of secondary intramolecular hydrogen-bonding interac-
tions. The importance of this latter factor is clearly
illustrated by the greater basicity of 1,4,7,11-tetraazaun-
decane relative to N,N9-bis(2-aminoethyl)-1,3-pro-
panediamine. Although both compounds have four
nitrogen and seven carbon atoms, the gas-phase basicity
of 1,4,7,11-tetraazaundecane is greater than that of
N,N9-bis(2-aminoethyl)-1,3-propanediamine, based on
a direct comparison of the two ligands. The greater
basicity of 1,4,7,11-tetraazaundecane is attributed to its
ability to stabilize the conjugate acid by two separate
hydrogen-bonding interactions resulting in a more sta-
ble conformation. It was initially assumed that proto-
nation would occur on the secondary amine attached to
the propyl group, and the adjacent primary amine
would be able to hydrogen-bond with the transferred
Table 2. Gas-phase basicities in order of decreasing basicity [reference (basicity in kJ/mol)]
Compound
More basic
than
Less basic
than Exchanged witha Estimated basicity
Pentaethylenehexamine 4 (1005.4) — 3 (1015.0), 2 (1022.6),
1 (1030.1)
1021 6 8
1,4,8,12-Tetraazacyclopentadecane 4 (1005.4) — 3 (1015.0), 2 (1022.6),
1 (1030.1)
1021 6 8
N,N9-Bis(3-aminopropyl)-1,3-propanediamineb 5 (995.8) 1 (1030.1) 4 (1005.4), 3 (1015.0),
2 (1022.6)
1012 6 8
Tetraethylenepentamineb 6 (992.9) 1 (1030.1) 4 (1005.4), 2 (1022.6) 1012 6 8
N,N9-Bis(3-aminopropyl)-1,3-ethylenediamine 6 (992.9) 2 (1022.6) 5 (995.8), 3 (1015.0) 1004 6 8
1,4,7,10-Tetraazacyclododecane (Cyclen) 7 (986.2) 3 (1015.0) 6 (992.9), 5 (995.8), 4 (1005.4) 1004 6 8
1,4,7,11-Tetraazaundecane tetrahydrochloride 6 (992.9) 2 (1022.6) 5 (995.8), 4 (1005.4), 3 (1015.0) 1004 6 8
N,N9-Bis(2-aminoethyl)-1,3-propanediamine 7 (986.2) 3 (1015.0) 6 (992.9), 5 (995.8), 4 (1005.4) 1000 6 8
Triethylenetetramine tetrahydrochloride 8 (971.1) 4 (995.8) 7 (986.2), 6 (992.9) 987 6 8
Diethylenetriamine 10 (953.1) 7 (986.2) 9 (961.1), 8 (971.1) 966 6 8
aIndicates proton transfer occurred between the analyte and reference compounds in both the forward and reverse directions.
bThe more basic of these two compounds could not be determined.
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proton in a six-membered ring formation (Figure 3). In
addition, the primary amine on the tail end of the
compound should be able to wrap around to more fully
“solvate” the proton. In the case of N,N9-bis(2-amino-
ethyl)-1,3-propanediamine, once protonation occurs at
the secondary amine the adjacent primary amine could
only form a five-membered hydrogen-bonded ring.
Five-membered rings are more strained than six-mem-
bered rings, less flexible, and therefore less stable. The
tail amine interaction was thought to be similar in the
two compounds.
To further probe the impact of intramolecular hydro-
gen bonds, semiempirical AM1 calculations were per-
formed to evaluate the relative stabilities of the pro-
posed structures. Heats of formation for 1,4,7,11-
tetraazaundecane and N,N9-bis(2-aminoethyl)-1,3-
propanediamine were calculated for both protonated
extended conformations and protonated folded confor-
mations. The calculations were undertaken for struc-
tures with the attached proton on each one of the four
possible protonation sites (nitrogen atoms) for each
compound and the results are shown in Table 3. The
calculated heats of formation indicate that there is no
significant difference between the energies of the two
protonated molecules in their extended conformations,
and in both cases protonation of the secondary amines
results in lower energy structures (by around 18 kJ/
mol). In addition, the heats of formation decrease by
around 50–60 kJ/mol on average in going from a
protonated extended structure to a protonated folded
structure. This result again supports the hypothesis that
protonated polyfunctional bases are stabilized by in-
tramolecular solvation and hydrogen bonding. Com-
paring the heats of formation for the protonated folded
structures with the proton on N2 enables a direct
comparison with the structures proposed in Figure 3.
The calculated heat of formation for protonated 1,4,7,11-
tetraazaundecane is 481 kJ/mol, whereas that for N,N9-
bis(2-aminoethyl)-1,3-propanediamine is 517 kJ/mol.
The folded 1,4,7,11-tetraazaundecane structure is over
30 kJ/mol lower in energy than the folded N,N9-bis(2-
aminoethyl)-1,3-propanediamine structure, and in fact
is the lowest energy conformation calculated. The re-
sultant geometries of these two conformations are
shown in Figure 4 along with some relevant bond
distances and proposed hydrogen bonds. The opti-
mized structure for protonated 1,4,7,11-tetraazaunde-
cane shows both terminal amines, N1 and N4, remain in
the vicinity of the protonated secondary amine, N2, and
it is likely that they are hydrogen bonded to the proton,
H32. In contrast, the optimized structure for N,N9-bis(2-
aminoethyl)-1,3-propanediamine shows only the tail
amine, N4, folding around to stabilize the positive
charge on the secondary amine, N2. The other terminal
amine, N1, which is only separated from N2 by an
ethylene group, cannot get close enough to H32 to
Figure 3. Comparison of intramolecular hydrogen bonding in
protonated (A) 1,4,7,11-tetraazaundecane and (B) N,N9-bis(2-ami-
noethyl)-1,3-propanediamine.
Table 3. Calculated semiempirical heats of formation for
protonated 1,4,7,11-tetraazaundecane and N,N9-bis(2-
aminoethyl)-1,3-propanediamine species (in kJ/mol)
1,4,7,11-Tetra-
azaundecane
N,N9-Bis
(2-aminoethyl)-
1,3-propanediamine
Extended
Protonated ata N1 569 571
N2 552 552
N3 554 552
N4 572 571
Foldedb
Protonated at N1 511 514
N2 481 517
N3 490 517
N4 515 514
aProtonation sites are indicated as the proton was placed on each
nitrogen sequentially (from left to right) as shown on the structures in
Figure 1.
bThe folded conformations had the two terminal amines on each
compound fold around to solvate the added proton.
Figure 4. Optimized geometries for protonated folded (A)
1,4,7,11-tetraazaundecane and (B) N,N9-bis(2-aminoethyl)-1,3-pro-
panediamine.
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interact with it to a substantial degree, and therefore
cannot add any additional stabilization. Consequently
because of the difference in placement of one carbon
atom, the ability of these two compounds to form
stabilizing secondary intramolecular hydrogen-bond-
ing interactions is unequal and a difference in gas-phase
basicities results. The molecular modeling experiments
support the proposed protonated structures, which
explain the observed differences in gas-phase basicities
of these two compounds.
Another comparison can be made between cyclic and
acyclic compounds. For example, based only on brack-
eting experiments with known references, pentaethyl-
enehexamine and 1,4,8,12-tetraazacyclopentadecane
were initially determined to have the same basicity,
1021 6 8 kJ/mol. Upon directly comparing the two
analyte ligands to each other, pentaethylenehexamine
was shown to be more basic. It was somewhat surpris-
ing that 1,4,8,12-tetraazacyclopentadecane, which con-
tains only 4 basic sites and 11 carbon atoms, was almost
as basic as a compound with 6 basic sites and 10 carbon
atoms. This suggests the cyclic conformation provides
an extra degree of stabilization for the conjugate acid.
This extra stability can arise from three different
sources. First, all nitrogens in the cyclic compound are
secondary in nature. Secondary amines are more basic
in the gas phase than primary amines [11]. Only four of
the six basic sites in pentaethylenehexamine are second-
ary amines, so the two compounds are similar in that
aspect. The second explanation can be found in the
relative rigidity of the cyclic compound itself. 1,4,8,12-
Tetraazacyclopentadecane is always in a position where
the four nitrogens are relatively close together. This
factor may enable it to attract and bind a proton more
effectively because it is always in a favorable orienta-
tion. The acyclic structures have more rotational, vibra-
tional, and conformational freedom and therefore must
undergo substantial reorganization in order to fully
solvate the proton via several hydrogen-bonding inter-
actions. Finally, the position of the carbon atoms in the
cyclic structure is important. If the proton is centered in
the ring it can be stabilized by hydrogen-bonding
interactions with all four nitrogen atoms. In this ar-
rangement, the three propyl groups can form six-
membered rings with the attached proton. As men-
tioned earlier, six-membered rings offer a greater
degree of stability than four- or five-membered rings.
The straight chain compound can only stabilize the
proton by formation of five-membered hydrogen-
bonded rings along with some tail-end amine interac-
tion. Thus the cyclic structure is shown to be more basic
than predicted based solely on the number of basic sites
available.
Another interesting comparison involves the gas-
phase basicities of cyclen and N,N9-bis(3-aminopropyl)-
1,3-ethylenediamine. Both compounds have four basic
sites and eight carbon atoms and were initially found to
have gas-phase basicities of 1004 6 8 kJ/mol. In this
case a direct comparison showed the acyclic compound
to be more basic than the cyclic one. This is an example
where the cyclic molecule is actually too rigid to opti-
mize its proton-solvating interactions. The basic nitro-
gen atoms are separated by ethylene groups in cyclen; it
can only form five-membered hydrogen-bonded rings
with the attached proton, if the proton was situated in
the middle of the ring. The rigidity of the cyclic struc-
ture does not allow optimization of the hydrogen-bond
geometries and results in a nonoptimal conformation.
Conversely, N,N9-bis(3-aminopropyl)-1,3-ethylenedia-
mine is acyclic and in addition contains two propyl
groups. These two factors allow adjustments of its
conformation to optimize the orientations of the dipoles
associated with the nitrogen atoms and thus the inter-
actions between the amines and the bound proton. In
this case, the added flexibility of the acyclic ligand
enhances its basicity relative to the cyclic analog.
One final case that illustrates the importance of the
orientation of basic groups is the comparison of two
acyclic compounds, tetraethylenepentamine and N,N9-
bis(3-aminopropyl)-1,3-propanediamine. Tetraethyl-
enepentamine has five basic sites and eight carbon
atoms, while N,N9-bis(3-aminopropyl)-1,3-propanedia-
mine has one less basic site and one more carbon atom.
Both have experimentally determined gas-phase basic-
ities of 1012 6 8 kJ/mol, but the order of basicity could
not be determined upon direct comparison of the two
ligands. The three propyl groups in the latter com-
pound allow it a greater degree of flexibility and permit
greater optimization of the orientation of the nitrogen
atoms to stabilize the positively charged conjugate acid.
Thus the positioning of nitrogens is more important
than the sheer number of nitrogens in determining the
basicities of these multidentate ligands.
Conclusions
Relative gas-phase basicities of the multidentate poly-
amine ligands can be easily determined within 8 kJ/mol
by the bracketing method and range from 966 to 1021
kJ/mol. Gas-phase basicities within a group of structur-
ally related compounds can be understood by analyz-
ing key features of the compounds, including the num-
ber of basic sites, the orientation of those basic sites, the
nature of amine groups (primary, secondary), the num-
ber and arrangement of carbon atoms, and the degree of
flexibility of a compound.
As a class these nitrogen compounds are much more
basic than their oxygen counterparts [11]. Used as
secondary references they should allow further studies
into the gas-phase basicities of more basic compounds,
such as peptides and multicharged proteins. For exam-
ple, it has been reported that the gas-phase basicity of a
dipeptide is approximately that of the most basic amino
acid residue [12]. The most basic amino acid is arginine,
with a gas-phase basicity of 1007 kJ/mol [11]. Conse-
quently the compounds evaluated in this report may be
useful for bracketing the gas phase basicities of argin-
ine-containing peptides. In addition, oxygen-containing
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crown ethers and glymes have already proven them-
selves to be invaluable as model compounds for study-
ing fundamental aspects of metal complexation and
binding affinities [13]. These nitrogen analogs should be
useful in the same capacity. Furthermore, correlations
of metal binding affinities and selectivities could be
determined between the oxygen ethers and these nitro-
gen analogs.
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